Introduction {#cti21045-sec-0005}
============

Systemic sclerosis (SSc, scleroderma) is a chronic systemic autoimmune disease characterised by fibrosis, vascular dysfunction and immune dysregulation.[1](#cti21045-bib-0001){ref-type="ref"} Although genetic and environmental factors have been implicated in the development of SSc, its pathogenesis remains poorly understood.[2](#cti21045-bib-0002){ref-type="ref"} Increasing evidence suggests a critical role for the innate immune system in the induction and maintenance of SSc.[3](#cti21045-bib-0003){ref-type="ref"} In particular, a number of cytokines including interleukin (IL)‐6,[4](#cti21045-bib-0004){ref-type="ref"} transforming growth factor (TGF)‐β,[5](#cti21045-bib-0005){ref-type="ref"} macrophage migration inhibitory factor (MIF)[6](#cti21045-bib-0006){ref-type="ref"} and members of the IL‐1 superfamily[7](#cti21045-bib-0007){ref-type="ref"} have been reported in the pathogenesis of SSc. However, in contrast to other autoimmune diseases, such as rheumatoid arthritis, where biologic therapies targeting cytokines involved in disease pathogenesis have transformed disease management,[8](#cti21045-bib-0008){ref-type="ref"} a clear cytokine profile has not yet been defined in SSc to facilitate advances in targeted therapy.

The IL‐1 superfamily of cytokines encompasses both pro‐ and anti‐inflammatory members, and includes IL‐1α, IL‐1β, IL‐18, IL‐33, IL‐37 and IL‐38. IL‐1α and IL‐1β are both pro‐inflammatory, pyrogenic cytokines released by numerous cells, particularly innate immune cells such as monocytes, macrophages and dendritic cells.[9](#cti21045-bib-0009){ref-type="ref"} They share common properties in their regulation and expression, as well as a common receptor, IL‐1R1, and both induce inflammatory responses via induction of cyclooxygenase type‐2 (COX‐2), type 2 phospholipase A and inducible nitric oxide synthase (iNOS).[9](#cti21045-bib-0009){ref-type="ref"} Moreover, in concert with IL‐23, IL‐1α and IL‐1β can drive IL‐17 release by T cells.[10](#cti21045-bib-0010){ref-type="ref"} IL‐18, while structurally homologous to IL‐1α and IL‐1β, binds a different receptor, IL‐18R, and has distinct functions; in combination with IL‐12, it drives Th1‐mediated responses, including the release of interferon (IFN)‐γ.[10](#cti21045-bib-0010){ref-type="ref"}

Previous studies have shown that peripheral blood mononuclear cells (PBMC) and fibroblasts from SSc patients produce more IL‐1α compared to those from healthy controls (HC).[11](#cti21045-bib-0011){ref-type="ref"}, [12](#cti21045-bib-0012){ref-type="ref"}, [13](#cti21045-bib-0013){ref-type="ref"} Moreover, carriers of the IL‐1α (‐889) polymorphism, which predisposes patients to increased IL‐1α production, are more susceptible to SSc.[14](#cti21045-bib-0014){ref-type="ref"} To date, two small studies have shown significant elevation of serum IL‐1α in SSc patients compared to HC.[15](#cti21045-bib-0015){ref-type="ref"}, [16](#cti21045-bib-0016){ref-type="ref"} One of these studies analysed associations between IL‐1α and clinical SSc phenotypes, reporting an association with finger contractures.[16](#cti21045-bib-0016){ref-type="ref"}

IL‐1β is implicated in the pathogenesis of SSc through its role in fibrosis. Studies have demonstrated that IL‐1β is an important cytokine involved in a mouse model of bleomycin‐induced pulmonary fibrosis (BIPF).[17](#cti21045-bib-0017){ref-type="ref"}, [18](#cti21045-bib-0018){ref-type="ref"} Similarly to IL‐1α, SSc PBMC and fibroblasts produce more IL‐1β compared to those from HC.[17](#cti21045-bib-0017){ref-type="ref"}, [19](#cti21045-bib-0019){ref-type="ref"} Serum IL‐1β has also been reported to be higher in SSc than in HC.[20](#cti21045-bib-0020){ref-type="ref"} Some studies have shown correlations between IL‐1β and SSc clinical parameters, such as a negative correlation between IL‐1β measured in bronchoalveolar lavage fluid with the forced vital capacity (FVC), and a positive correlation between skin gene expression of IL‐1β and the modified Rodnan skin score (mRSS).[20](#cti21045-bib-0020){ref-type="ref"}, [21](#cti21045-bib-0021){ref-type="ref"}, [22](#cti21045-bib-0022){ref-type="ref"}

Involvement of IL‐18 in the pathogenesis of SSc is an ongoing matter of debate, with studies reporting conflicting results.[23](#cti21045-bib-0023){ref-type="ref"} *In vitro*, similar to IL‐1α and IL‐1β, increased IL‐18 secretion has been observed in PBMC and fibroblasts from SSc patients compared to HC.[4](#cti21045-bib-0004){ref-type="ref"}, [17](#cti21045-bib-0017){ref-type="ref"} As opposed to IL‐1β, IL‐18 was shown to have anti‐fibrotic functions mediated through the extracellular signal‐regulated kinase pathway in human SSc dermal fibroblasts.[24](#cti21045-bib-0024){ref-type="ref"} However, increased skin expression of IL‐18 was observed in SSc patients compared to HC and found to be positively correlated with the mRSS,[22](#cti21045-bib-0022){ref-type="ref"} while studies in murine models of BIPF suggest a causative role for IL‐18 in skin thickness and pulmonary fibrosis.[17](#cti21045-bib-0017){ref-type="ref"} While no significant differences in serum concentrations of IL‐18 have been reported in SSc patients compared to HC, patients with renal involvement had decreased PBMC‐produced IL‐18.[4](#cti21045-bib-0004){ref-type="ref"}

One previous study has looked at IL‐1α, IL‐1β and IL‐18 (as well as the IL‐1 family cytokine IL‐33) in a relatively modest‐sized Chinese cohort (56 patients and 56 HC) and found that only serum IL‐1β and IL‐33 were higher in SSc in multivariable analysis. No clinical associations with any of these cytokines were found.[25](#cti21045-bib-0025){ref-type="ref"} Here, we examined the clinical relevance of serum IL‐1α, IL‐1β and IL‐18 in a large, well‐characterised and prospectively followed SSc cohort. We found that serum IL‐18, but not IL‐1α or IL‐1β, was significantly higher in SSc patients than in HC. Moreover, we observed significant correlation between serum IL‐1β and IL‐1α with mRSS score and anti‐topoisomerase I antibody (Ab), respectively, suggesting a potential role of these cytokines in SSc fibrotic complications.

Results {#cti21045-sec-0006}
=======

Participant characteristics {#cti21045-sec-0007}
---------------------------

In all, 105 SSc patients were enrolled in this study, and their demographics and disease characteristics are outlined in Tables [1](#cti21045-tbl-0001){ref-type="table"} and [2](#cti21045-tbl-0002){ref-type="table"}. Briefly, the mean (SD) age and median \[IQR\] disease duration were 60.1 (13.9) and 12.3 \[6.8, 19.3\] years, respectively. Most patients were female (82.9%) and of Caucasian ethnicity (83.5%). The median \[IQR\] mRSS was 5 \[3, 8\], and 22% of patients had diffuse SSc subtype. Of the 47 HC who participated in this study with a median \[IQR\] age of 37.6 \[29.1, 45.9\] years, 72% were female, and 70% were of Caucasian ethnicity. Although HC were gender‐ and ethnicity‐matched to the SSc cohort, there was a statistically significant difference in age between the two cohorts (Table [1](#cti21045-tbl-0001){ref-type="table"}).

###### 

Demographics and serum IL‐1 family cytokines in SSc and HC

                                                              HC (*N* = 47)                                        SSc (*N* = 105)                                           *P*‐value
  ----------------------------------------------------------- ---------------------------------------------------- --------------------------------------------------------- -----------
  Demographics                                                                                                                                                               
  Age (years), *mean* (SD)                                    37.6 (10.6)                                          60.1 (13.9)                                               \< 0.01
  Female, *n* (%)                                             34 (72.3%)                                           87 (82.9%)                                                0.14
  Ethnicity[a](#cti21045-note-0004){ref-type="fn"}, *n* (%)                                                                                                                  
  Caucasian                                                   33 (70.2%)                                           86 (83.5%)                                                0.09
  Asian                                                       11 (23.4%)                                           10 (9.7%)                                                 
  Other                                                       3 (6.4%)                                             7 (6.8%)                                                  
  Serum cytokines                                                                                                                                                            
  Detectable IL‐1α*, n* (%)                                   35 (74.5%)                                           78 (74.3%)                                                0.98
  IL‐1α (pg mL^−1^), *median* \[IQR\]                         3 \[2, 41\][b](#cti21045-note-0005){ref-type="fn"}   11 \[2, 29\][c](#cti21045-note-0006){ref-type="fn"}       0.51
  Detectable IL‐1β*, n* (%)                                   26 (55.3%)                                           68 (64.8%)                                                0.27
  IL‐1β (pg mL^−1^), *median* \[IQR\]                         5 \[1, 16\]                                          7 \[1, 17\]                                               0.37
  Detectable IL‐18*, n* (%)                                   47 (100%)                                            103 (98.1%)                                               0.9
  IL‐18 (pg mL^−1^), *median* \[IQR\]                         183 \[135, 258\]                                     265 \[183, 362\][d](#cti21045-note-0007){ref-type="fn"}   \< 0.01

HC, healthy controls; IL, interleukin; SSc, systemic sclerosis.

Two missing values in the SSc cohort.

*N* = 42; When including 5 HC with serum IL‐1α concentrations higher than uLOD (*N* = 47): median \[IQR\] serum IL‐1α concentrations 19 \[2, 70\]; *P *=* *0.9.

*N* = 87; When including 18 SSc patients with serum IL‐1α concentrations higher than uLOD (*N* = 105): median \[IQR\] serum IL‐1α concentrations 17 \[2, 87\]; *P *=* *0.9.

*N* = 103; When including 2 SSc patients with serum IL‐18 concentrations higher than uLOD (*N* = 105): median \[IQR\] serum IL‐18 concentrations 266 \[191, 362\]; *P *\<* *0.01.
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###### 

Disease characteristics of SSc patients

                                                                                                                                  SSc patients (*N* = 105)
  ------------------------------------------------------------------------------------------------------------------------------- -----------------------------------
  Clinical parameters                                                                                                             
  Disease duration (years), *median* \[IQR\] (range)                                                                              12.3 \[6.8, 19.3\] (0.6, 46.7)
  Diffuse SSc, *n* (%)                                                                                                            23 (21.9%)
  Clinical manifestation                                                                                                          
  PAH*, n* (%)                                                                                                                    5 (4.8%)
  Pericardial effusion*, n* (%)                                                                                                   5 (4.8%)
  ILD*, n* (%)                                                                                                                    35 (33.3%)
  Systemic hypertension[a](#cti21045-note-0009){ref-type="fn"}, *n* (%)                                                           32 (32%)
  Renal crisis*, n* (%)                                                                                                           4 (3.8%)
  Digital ulcers[a](#cti21045-note-0009){ref-type="fn"} *, n* (%)                                                                 14 (14%)
  mRSS[a](#cti21045-note-0009){ref-type="fn"}, *median* \[IQR\] (range)                                                           5 \[3, 8\] (0, 20)
  mRSS \> 18*, n* (%)                                                                                                             1 (1%)
  GAVE, *n* (%)                                                                                                                   9 (8.6%)
  Reflux oesophagitis*, n* (%)                                                                                                    59 (56.2%)
  Oesophageal stricture*, n* (%)                                                                                                  9 (8.6%)
  Oesophageal dysmotility*, n* (%)                                                                                                5 (4.8%)
  RP[a](#cti21045-note-0009){ref-type="fn"} *, n* (%)                                                                             85 (85%)
  Calcinosis[a](#cti21045-note-0009){ref-type="fn"} *, n* (%)                                                                     23 (23%)
  Myositis*, n* (%)                                                                                                               2 (1.9%)
  Synovitis[a](#cti21045-note-0009){ref-type="fn"} *, n* (%)                                                                      11 (11%)
  Joint contracture[a](#cti21045-note-0009){ref-type="fn"}, *n* (%)                                                               27 (27%)
  Pulmonary and cardiac function tests                                                                                            
  FVC (% predicted)[a](#cti21045-note-0009){ref-type="fn"}, mean (SD)                                                             93.7 (18.2)
  FEV1 (% predicted)[a](#cti21045-note-0009){ref-type="fn"}, mean (SD)                                                            89.7 (18.3)
  DLCO (% predicted)[†](#cti21045-note-0010){ref-type="fn"} ^,^ [b](#cti21045-note-0009){ref-type="fn"}, median \[IQR\] (range)   59.5 \[48.1, 73.6\] (24.6, 116.4)
  KCO (% predicted)[‡](#cti21045-note-0011){ref-type="fn"} ^,^ [c](#cti21045-note-0009){ref-type="fn"}, mean (SD)                 64.4 (17.2)
  6‐min walk distance (m)[d](#cti21045-note-0009){ref-type="fn"}, median \[IQR\] (range)                                          508 \[432, 560\] (252, 697)
  LVEF (%)[e](#cti21045-note-0009){ref-type="fn"}, median \[IQR\] (range)                                                         65 \[60, 65\] (35, 75)
  sPAP (mmHg)[e](#cti21045-note-0009){ref-type="fn"} *,* median \[IQR\] (range)                                                   31 \[28, 39\] (21, 108)
  Clinical laboratory data                                                                                                        
  ANA +ve[a](#cti21045-note-0009){ref-type="fn"} *, n* (%)                                                                        100 (96.2%)
  ANA anti‐centromere +ve[a](#cti21045-note-0009){ref-type="fn"} *, n* (%)                                                        42 (40.4%)
  Anti‐topoisomerase I[a](#cti21045-note-0009){ref-type="fn"} *, n* (%)                                                           25 (24.3%)
  Anti‐RNA polymerase III +ve[a](#cti21045-note-0009){ref-type="fn"} *, n* (%)                                                    9 (8.8%)
  ANCA +ve[a](#cti21045-note-0009){ref-type="fn"}, *n* (%)                                                                        27 (26.5%)
  MPO specificity*, n* (%)                                                                                                        3 (2.9%)
  PR‐3 specificity*, n* (%)                                                                                                       3 (2.9%)
  CRP (mg L^−1^)[b](#cti21045-note-0009){ref-type="fn"}, median \[IQR\] (range)                                                   3.5 \[1.4, 6\] (0.2, 46)
  ESR (mm h^−1^)[f](#cti21045-note-0009){ref-type="fn"}, median \[IQR\] (range)                                                   10 \[5, 17\] (1, 77)
  Creatinine (μmol L^−1^)[g](#cti21045-note-0009){ref-type="fn"}, median \[IQR\] (range)                                          65 \[54, 76\] (36, 149)
  Treatment, *n* (%)                                                                                                              
  Glucocorticoids                                                                                                                 24 (22.9%)
  PDE5 inhibitor                                                                                                                  5 (4.8%)
  ERA                                                                                                                             5 (4.8%)
  Ca2^+^ channel antagonist                                                                                                       51 (48.6%)
  Anticoagulant                                                                                                                   7 (6.7%)
  Anti‐platelet agent                                                                                                             19 (18.1%)
  ACE inhibitor                                                                                                                   11 (10.5%)
  Angiotensin II receptor blockers                                                                                                17 (16.2%)
  Beta blockers                                                                                                                   5 (4.8%)

ANA, antinuclear antibodies; ANCA, anti‐neutrophil cytoplasmic antibodies; CRP, C‐reactive protein; DLCO, Hb‐ and gender‐corrected diffusing capacity of the lungs for carbon monoxide; ERA, endothelin receptor antagonist; ESR, erythrocyte sedimentation rate; FEV1, forced expiratory volume in one‐second; FVC, forced vital capacity; GAVE, gastric antral vascular ectasia; ILD, interstitial lung disease; KCO, carbon monoxide transfer coefficient; LV, left ventricular; LVEF, left ventricular ejection fraction; MPO, myeloperoxidase; mRSS, modified Rodnan skin score; PAH, pulmonary arterial hypertension; PDE5, phosphodiesterase 5; PR‐3, proteinase 3; RP, Raynaud\'s phenomenon; RV, right ventricular; Sm, Smith; sPAP, systolic pulmonary arterial pressure; SSc, systemic sclerosis.

^a^≤ 5 missing values; ^b^10 missing values; ^c^7 missing values; ^d^76 missing values; ^e^28 missing values; ^f^12 missing values; ^g^8 missing values.

Corrected for haemoglobin and gender.

DLCO corrected for lung volume.
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Serum IL‐1 family cytokines in SSc {#cti21045-sec-0008}
----------------------------------

IL‐18 was detectable in serum samples from all 47 HC and 98% (103/105) of SSc patients. Similarly, serum IL‐1α was detectable in 75% (35/47) of HC and 74% (78/105) of SSc patients, and IL‐1β was detectable in 55% (26/47) of HC and 65% of (68/105) of SSc patients. Hence, the proportion of detectability of these serum cytokines were similar in HC and SSc groups (Table [1](#cti21045-tbl-0001){ref-type="table"}). Serum IL‐18 concentrations were statistically significantly higher in SSc patients than in HC (Figure [1](#cti21045-fig-0001){ref-type="fig"}a), confirmed by linear regression analyses after adjusting for age (adjusted ratio of GM 1.28; 95% CI 1.02, 1.6; *P *=* *0.03). However, serum concentrations of IL‐1α and IL‐1β were not significantly different in SSc compared to HC (Figure [1](#cti21045-fig-0001){ref-type="fig"}b--c).

![Serum IL‐1α, IL‐1β and IL‐18 concentrations in SSc and HC. **(a)** Serum IL‐18 concentrations in HC (*N* = 47) vs. SSc patients (*N* = 103). **(b)** Serum IL‐1α concentrations in HC (*N* = 42) vs. SSc patients (*N* = 87). **(c)** Serum IL‐1β concentrations in HC (*N* = 47) vs. SSc patients (*N* = 105). Horizontal bars indicate medians, and corresponding error bars indicate IQR; a Wilcoxon rank‐sum test was used to examine differences between two groups. All samples were run in duplicate.](CTI2-8-e1045-g001){#cti21045-fig-0001}

We found a statistically significant and strong positive correlation between serum concentrations of IL‐1α and IL‐1β in SSc and more moderate positive correlation in HC (Supplementary figure [1](#cti21045-sup-0001){ref-type="supplementary-material"}a--b). Serum concentrations of both IL‐1α and IL‐1β were negatively correlated with IL‐18 in SSc, but not in HC (Supplementary figure [1](#cti21045-sup-0001){ref-type="supplementary-material"}c--f).

Serum IL‐18 and SSc clinical parameters {#cti21045-sec-0009}
---------------------------------------

We next examined differences in serum IL‐18 concentrations according to SSc demographics and clinical parameters. No significant correlation was observed between serum IL‐18 and disease duration (*r* = −0.05; *P *=* *0.65; *N* = 103) or mRSS score (*r* = −0.13; *P *=* *0.2; *N* = 98). No significant difference in serum IL‐18 concentrations was observed between patients with diffuse and limited subtype (Supplementary table [1](#cti21045-sup-0002){ref-type="supplementary-material"}). Serum IL‐18 concentrations were moderately negatively correlated with KCO (Figure [2](#cti21045-fig-0002){ref-type="fig"}a), a finding restricted to patients with limited SSc (*r* = −0.23; *P *=* *0.05; *n* = 74). Accordingly, there was a nonsignificant trend towards increased serum IL‐18 concentrations in SSc patients with low KCO (Supplementary table [2](#cti21045-sup-0002){ref-type="supplementary-material"}). In line with this negative correlation between serum IL‐18 concentrations and KCO, we found that serum IL‐18 concentrations were also moderately negatively correlated with DLCO in the whole cohort (Figure [2](#cti21045-fig-0002){ref-type="fig"}b), as well as being restricted to diffuse SSc patients (*r* = −0.48; *P *=* *0.02; *n* = 22). However, no significant differences in serum IL‐18 concentrations were observed according to the presence of ILD, PAH, low FVC or low DLCO (Supplementary tables [1 & 2](#cti21045-sup-0002){ref-type="supplementary-material"}). Serum IL‐18 concentrations were statistically significantly higher in SSc patients with high serum creatinine than in those without (Supplementary table [3](#cti21045-sup-0002){ref-type="supplementary-material"}). No significant difference in serum IL‐18 concentrations was observed when examining any other SSc clinical parameters (Supplementary tables [1--4](#cti21045-sup-0002){ref-type="supplementary-material"}).

![Serum IL‐18 and SSc clinical parameters. **(a)** Correlation between serum concentrations of IL‐18 and KCO (% predicted) in SSc (*N* = 96). **(b)** Correlation between serum concentrations of IL‐18 and DLCO (% predicted) in SSc (*N* = 93). A Spearman\'s correlation test was used to examine the correlation between two continuous variables.](CTI2-8-e1045-g002){#cti21045-fig-0002}

We also stratified the SSc cohort into low and high serum IL‐18 subsets, using the median IL‐18 concentration (264.8 pg mL^−1^) as a cut‐off. Serum creatinine concentrations were statistically significantly higher in SSc patients with high serum IL‐18 than in those with low serum IL‐18 (Supplementary table [5](#cti21045-sup-0002){ref-type="supplementary-material"}). No significant differences were observed in other SSc patient demographics or disease characteristics according to high/low serum IL‐18 (Supplementary table [5](#cti21045-sup-0002){ref-type="supplementary-material"}).

Serum IL‐1β and SSc clinical parameters {#cti21045-sec-0010}
---------------------------------------

We next examined differences in serum IL‐1β concentrations according to SSc demographics and clinical parameters. Serum IL‐1β concentrations were statistically significantly positively correlated with mRSS score in the whole cohort (Figure [3](#cti21045-fig-0003){ref-type="fig"}a) and in patients with limited subtype (*r* = 0.24; *P *=* *0.03; *n* = 77). However, no significant difference in serum IL‐1β concentrations was observed between patients with diffuse and limited subtype (Supplementary table [1](#cti21045-sup-0002){ref-type="supplementary-material"}). Serum IL‐1β concentrations were also statistically significantly correlated with the right finger--palm distance (*r* = 0.21; *P *=* *0.04; *n* = 98) and were significantly increased in patients with joint contracture compared to those without (Supplementary table [1](#cti21045-sup-0002){ref-type="supplementary-material"}). No correlation was observed between serum IL‐1β and disease duration (*r* = 0.04; *P *=* *0.68; *N* = 105). Serum IL‐1β concentrations were moderately positively correlated with KCO (Figure [3](#cti21045-fig-0003){ref-type="fig"}b), a finding restricted to patients with limited disease (*r* = 0.28; *P* = 0.02; *n* = 76). In line with this, we found a significant positive correlation between serum IL‐1β concentrations and DLCO in patients with limited disease (*r* = 0.23; *P *=* *0.05; *n* = 73). Serum IL‐1β concentration was significantly increased in patients with ILD, however, only in those with diffuse SSc subtype (*n* = 12 vs *n* = 11; 11 \[7, 16\] vs 4 \[1, 7\] pg mL^−1^; *P *=* *0.03). Moreover, a higher proportion of patients with ILD were observed in the high serum IL‐1β subset, with borderline significance (*P *=* *0.07) (Supplementary table [6](#cti21045-sup-0002){ref-type="supplementary-material"}). No significant differences in serum IL‐1β concentrations were observed when examining any other SSc clinical parameters (Supplementary tables [1--4](#cti21045-sup-0002){ref-type="supplementary-material"}).

![Serum IL‐1β and SSc clinical parameters. Correlation between serum concentrations of IL‐1β and **(a)** mRSS (*N* = 100) and **(b)** KCO (% predicted) (*N* = 98) in SSc. **(c)** mRSS index, **(d)** DLCO (%), **(e)** KCO (% predicted) and **(f)** TR velocity in patients with low (*n* = 53) or high (*n* = 52) serum IL‐1β concentrations. **a** and **b:** Spearman\'s correlation test was used to examine the correlation between two continuous variables. **c--f:** Horizontal bars indicate medians, and corresponding error bars indicate IQR; a Wilcoxon rank‐sum test was used to examine differences between two groups.](CTI2-8-e1045-g003){#cti21045-fig-0003}

Upon stratification of the SSc cohort into low and high serum IL‐1β subsets according to median IL‐1β concentration (7.1 pg mL^−1^), we observed that mRSS was statistically significantly higher in patients with high serum IL‐1β than in those without (Figure [3](#cti21045-fig-0003){ref-type="fig"}c and Supplementary table [6](#cti21045-sup-0002){ref-type="supplementary-material"}). DLCO and KCO, as well as TR velocity on TTE, were statistically significantly higher in patients with high serum IL‐1β than in those without (Figure [3](#cti21045-fig-0003){ref-type="fig"}d--f and Supplementary table [6](#cti21045-sup-0002){ref-type="supplementary-material"}). However, no statistically significant differences were observed between patient subsets with high or low serum IL‐1β regarding ILD, PAH, FVC, or other SSc patient demographics or disease characteristics (Supplementary table [6](#cti21045-sup-0002){ref-type="supplementary-material"}).

Serum IL‐1α and SSc clinical parameters {#cti21045-sec-0011}
---------------------------------------

We next examined differences in serum IL‐1α concentrations according to SSc demographics and clinical parameters. No significant difference in serum IL‐1α concentrations was observed between patients with diffuse and limited subtype (Supplementary table [1](#cti21045-sup-0002){ref-type="supplementary-material"}). No correlation was seen between serum IL‐1α and mRSS score (*r* = 0.07; *P *=* *0.56; *N* = 82) or disease duration (*r* = −0.11; *P *=* *0.29; *N* = 87). Serum IL‐1α concentrations were statistically significantly lower in SSc patients with high serum creatinine (Supplementary table [3](#cti21045-sup-0002){ref-type="supplementary-material"}) and in SSc patients with low KCO than in those without (Figure [4](#cti21045-fig-0004){ref-type="fig"}a and Supplementary table [2](#cti21045-sup-0002){ref-type="supplementary-material"}), and serum IL‐1α concentrations were moderately positively correlated with KCO (Figure [4](#cti21045-fig-0004){ref-type="fig"}b). In line with these data, we found significant positive correlations between serum IL‐1α and KCO in patients with limited (*r* = 0.27; *P *=* *0.03; *n* = 66) but not diffuse disease subtype. No significant differences in serum IL‐1α concentrations were observed when examining any other SSc clinical parameters (Supplementary tables [1--4](#cti21045-sup-0002){ref-type="supplementary-material"}).

![Serum IL‐1α and SSc clinical parameters. **(a)** Serum IL‐1α concentrations in patients with normal (*n* = 15) vs. low (*n* = 67) KCO (% predicted). **(b)** Correlation between serum IL‐1α concentration and KCO (% predicted) in SSc (*N* = 82). **a**: Horizontal bars indicate medians, and corresponding error bars indicate IQR; a Wilcoxon rank‐sum test was used to examine differences between two groups. **b**: A Spearman\'s correlation test was used to examine the correlation between two continuous variables.](CTI2-8-e1045-g004){#cti21045-fig-0004}

When stratifying patients into high and low serum IL‐1α subsets, using the median IL‐1α concentration (17.1 pg mL^−1^) as a cut‐off, we observed a higher proportion of SSc patients with digital ulcers in the high serum IL‐1α subset than in the low serum IL‐1α subset (Supplementary table [7](#cti21045-sup-0002){ref-type="supplementary-material"}). No differences were observed in other SSc patient demographics or disease characteristics between the high and low serum IL‐1α subsets (Supplementary table [7](#cti21045-sup-0002){ref-type="supplementary-material"}).

Discussion {#cti21045-sec-0012}
==========

The IL‐1 superfamily members IL‐1α, IL‐1β and IL‐18 are acknowledged to play a role in the pathogenesis of fibrosis and autoimmune disease, including SSc.[7](#cti21045-bib-0007){ref-type="ref"} Most SSc studies, however, have been conducted in small and poorly described populations.[16](#cti21045-bib-0016){ref-type="ref"}, [20](#cti21045-bib-0020){ref-type="ref"}, [25](#cti21045-bib-0025){ref-type="ref"} To date, our study is the largest and most ethnically diverse to investigate the clinical relevance of serum IL‐1α, IL‐1β and IL‐18 in SSc. We observed that SSc patients have significantly higher levels of IL‐18, but not IL‐1α or IL‐1β, than in HC. Correlation between serum IL‐1β and mRSS score suggests a potential role of this cytokine in SSc fibrotic complications.

Our finding of higher levels of serum IL‐18 in SSc patients than in HC is in line with a previously published study.[25](#cti21045-bib-0025){ref-type="ref"} We report, for the first time, negative correlations between serum IL‐18 and both KCO and DLCO. Although no significant associations were noted in relation to low FVC or presence of ILD or PAH, this finding might implicate IL‐18 in SSc‐related lung disease.[23](#cti21045-bib-0023){ref-type="ref"} To the best of our knowledge, no prior published study has suggested a role for IL‐18 in SSc pulmonary disease. Our findings that patients with high IL‐18 have significantly higher serum creatinine are of interest. No studies have investigated serum IL‐18 levels in SRC, although our SRC subset is too small to draw any solid conclusions. One study has shown that PBMC from SSc patients with renal involvement produced less IL‐18 in response to stimulation with phytohaemagglutinin (PHA) compared to those without renal involvement.[4](#cti21045-bib-0004){ref-type="ref"} However, studies in other autoimmune conditions, such as SLE, strongly suggest a role for IL‐18 in renal disease.[26](#cti21045-bib-0026){ref-type="ref"}, [27](#cti21045-bib-0027){ref-type="ref"}, [28](#cti21045-bib-0028){ref-type="ref"} Future research examining the potential role of IL‐18 in renal, cardiac and pulmonary SSc manifestations on a larger prospective cohort would be worthwhile. Likewise, further studies investigating the molecular and cellular mechanisms by which IL‐18 might regulate fibroblasts and fibrosis would be of considerable interest.

In contrast with previous studies,[20](#cti21045-bib-0020){ref-type="ref"}, [25](#cti21045-bib-0025){ref-type="ref"} we neither observed elevated serum IL‐1β in SSc compared to HC, nor detected differences in IL‐1β levels between lcSSc and dcSSc. These discrepancies may be accounted for by the distinct ethnicities and difference in disease duration across studies. A shorter mean disease duration period described in one of those previous studies[20](#cti21045-bib-0020){ref-type="ref"} may suggest that differences in IL‐1β are reflective of earlier stages of disease progression. However, in line with a previous study examining gene expression of IL‐1β in SSc skin manifestation,[22](#cti21045-bib-0022){ref-type="ref"} together with the well‐described role of IL‐1β in fibrosis,[18](#cti21045-bib-0018){ref-type="ref"}, [29](#cti21045-bib-0029){ref-type="ref"} we did observe a positive correlation between serum IL‐1β concentration and the mRSS index, particularly in patients with limited subtype. Moreover, serum IL‐1β was positively correlated with other parameters of increased skin thickening, particularly the finger--palm distance and the presence of joint contractures, further supporting a role of IL‐1β in SSc fibrotic complications. However, in contrast to these findings regarding IL‐1β in the skin, we observed that serum IL‐1β was positively correlated with KCO, and patients with high serum IL‐1β had higher DLCO and KCO, suggesting a reduced risk of lung fibrosis and PAH. Contrary to this finding, IL‐1β was positively correlated with increased TR velocity, which is usually associated with an increased risk of PAH.[30](#cti21045-bib-0030){ref-type="ref"}, [31](#cti21045-bib-0031){ref-type="ref"} In light of these divergent results, and when considering the lack of correlation between serum IL‐1β and the presence of either ILD or PAH, a larger longitudinal study investigating the role of IL‐1β in SSc lung disease would be of considerable value.

We did not observe a significant difference in serum IL‐1α between SSc and HC, in line with some previous studies, although others have reported elevated serum IL‐1α in SSc.[15](#cti21045-bib-0015){ref-type="ref"}, [16](#cti21045-bib-0016){ref-type="ref"}, [32](#cti21045-bib-0032){ref-type="ref"} We report for the first time that SSc patients with high serum IL‐1α concentrations were more likely to have digital ulcers. Similar to our observation with IL‐1β, we found that IL‐1α was positively correlated with KCO. These data emphasise the need for further research examining the role of IL‐1α in SSc pathogenesis, particularly in pulmonary manifestations and obliterative vasculopathy.

While our cohort contained no cases of SSc with clinical features of vasculitis, it is also worth noting that, when compared to previously published studies,[33](#cti21045-bib-0033){ref-type="ref"}, [34](#cti21045-bib-0034){ref-type="ref"} the proportion of anti‐neutrophil cytoplasmic antibody (ANCA)‐positive patients in our cohort of 26.5% (27/102) is relatively high; only a few of them, however, are positive on the more specific MPO and PR‐3 auto‐Abs (2.9% each; Table [2](#cti21045-tbl-0002){ref-type="table"}), which is lower than or in line with previously published studies.[33](#cti21045-bib-0033){ref-type="ref"}, [35](#cti21045-bib-0035){ref-type="ref"}

Caveats to the interpretation of our findings apply. Firstly, while being a large and well‐characterised SSc cohort, this is a single‐centre study of patients with prevalent disease. Secondly, the HC cohort was not age‐matched to the SSc cohort; however, a multivariable regression model adjusting for age was applied when appropriate. Moreover, while on the one hand the ethnically varied nature of our large cohort is advantageous, it may also explain the absence of some associations described in previous studies. Finally, some phenotypic subsets, such as SRC and PAH, were too small to enable meaningful analysis.

In conclusion, we report a marked elevation of serum IL‐18, but not IL‐1α and IL‐1β, in SSc patients compared to HC. The observed positive correlation between IL‐1β and parameters of increased skin thickening suggests a potential role for this cytokine in SSc fibrotic complications. These findings underscore the value of further research to investigate the mechanisms through which the IL‐1 superfamily may contribute to SSc fibrotic complications.

Methods {#cti21045-sec-0013}
=======

Patients and clinical assessments {#cti21045-sec-0014}
---------------------------------

Between August 2015 and August 2017, patients attending the Scleroderma Clinic at Monash Health were prospectively enrolled in this study. Patients were eligible if they were ≥ 18 years and fulfilled the 2013 American College of Rheumatology (ACR)/European League Against Rheumatism (EULAR) classification criteria for SSc.[36](#cti21045-bib-0036){ref-type="ref"} These patients were also part of the Australian Scleroderma Cohort Study, a longitudinal study of SSc cardiorespiratory outcomes. Data on organ involvement, drug treatment, routine laboratory markers (creatinine, erythrocyte sedimentation rate (ESR), C‐reactive protein (CRP), estimated glomerular filtration rate), pulmonary function tests (PFT), high‐resolution computed tomography (HRCT) chest, transthoracic echocardiogram (TTE) and right‐heart catheter (RHC) were recorded annually. Other clinical parameters measured were interstitial lung disease (ILD), pulmonary arterial hypertension (PAH), pericardial effusion, FVC, forced expiratory volume in one‐second (FEV1), DLCO (corrected for haemoglobin and gender) and KCO (= DLCO/alveolar volume ratio) as described previously.[37](#cti21045-bib-0037){ref-type="ref"} Low FVC, FEV1, DLCO and KCO were all defined as \< 80% predicted. At TTE, low left ventricular ejection fraction (LVEF) was defined as \< 55%, and abnormal systolic PAP (sPAP) was defined as \> 40 mmHg. Gastric antral vascular ectasia (GAVE) and reflux oesophagitis were diagnosed by gastroscopy. Scleroderma renal crisis (SRC) was defined as the presence of at least two of new‐onset systemic hypertension, rising creatinine or microangiopathic anaemia. Disease duration was calculated from the date of the first non‐Raynaud\'s manifestation of SSc.[38](#cti21045-bib-0038){ref-type="ref"} Patients were classified as either limited (lcSSc) or diffuse (dcSSc) subtype according to the LeRoy criteria.[39](#cti21045-bib-0039){ref-type="ref"} The mRSS index was used to assess the extent of skin involvement.[40](#cti21045-bib-0040){ref-type="ref"} Screening results for auto‐Ab were recorded at the initial study visit. When screening for ANCA (cANCA, pANCA, atypical ANCA) was positive using indirect immunofluorescence, sera quantification of anti‐myeloperoxidase (MPO) and anti‐proteinase‐3 (PR‐3) antibodies was subsequently performed by ELISA. Standard indirect immunofluorescence and ELISA tests for ANCA were performed by relevant pathology departments. All patients received standard‐of‐care therapy.

Adult healthy individuals were enrolled as a HC group between February and August 2017. The HC group was gender‐ and ethnicity‐matched to the SSc cohort. Written, informed consent was obtained from all participants. This study was approved by the Human Research Ethics committee of Monash Health and carried out in accordance with the *National Statement of Ethical Conduct in Human Research (2007*).

Serum cytokine quantification {#cti21045-sec-0015}
-----------------------------

Venous blood was collected by venepuncture, and serum was separated using serum‐separating tubes, and stored at −80°C until further use, as previously described.[41](#cti21045-bib-0041){ref-type="ref"} Commercial enzyme‐linked immunosorbent assays (ELISA) kits were used to quantify concentrations of serum IL‐1α (ELISA MAX DeluxeTM kit, BioLegend, CA, USA), IL‐1β (ELISA MAX DeluxeTM kit, BioLegend, CA, USA) and total IL‐18 (DuoSet^®^ ELISA kit, R&D Systems, MN, USA), according to manufacturers' protocols. Readings below the lower limit of detection were assigned an arbitrary value of half the lowest standard value (IL‐1α, 1.95 pg mL^−1^; IL‐1β, 0.98 pg mL^−1^; IL‐18, 5.86 pg mL^−1^) for statistical analysis. Serum samples with readings above the upper limit of detection (IL‐18: 2 SSc samples; IL‐1α: 18 SSc, 5 HC samples), even after further sample dilutions, were excluded from data analysis.

Statistical analysis {#cti21045-sec-0016}
--------------------

Statistical analysis was performed using Stata 14.2 (StataCorp, College Station, Texas, USA) and GraphPad (Prism V.7.0d, San Diego, CA, USA) software. Normally distributed variables were reported as mean and standard deviation (SD), and a two sample *t*‐test or ANOVA was used to examine the differences between two or more than two groups, respectively. Non‐normally distributed variables were summarised as median with interquartile range \[IQR\], and Wilcoxon rank‐sum or Kruskal--Wallis (followed by Dunn\'s multiple comparison test) tests were used when examining differences between two or more than two groups, respectively. A Spearman\'s correlation test was used to examine the correlation between two continuous variables. Categorical data were described as number (frequency). Difference in proportions was analysed using Pearson\'s chi‐squared test or Fisher\'s exact test where appropriate.

Linear regression analysis was used to examine association between demographics and clinical parameters as exposure and log~10~‐transformed serum cytokine concentrations as outcome, as previously described.[27](#cti21045-bib-0027){ref-type="ref"} A bootstrap method repeated with 50 samples was used to derive robust confidence interval (CI). Results are presented using geometric mean (GM) and ratio of GM. GM and ratio of GM are defined as the antilog of the mean of a log~10~‐transformed value and the antilog of the regression coefficient, respectively. A *P*‐value of \< 0.1 for association between potential confounders and both exposure and outcome variables in univariable analysis was used as a cut‐off for inclusion into a multivariable model. Serum cytokine concentrations were also categorised into binary variables, using their medians as cut‐off values. Values less than or equal to the median were considered as low serum cytokine concentrations, and values greater than the median were assigned as high serum cytokine concentrations. A *P*‐value \< 0.05 was considered statistically significant.
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